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Abstract: It is estimated that 12-15% of total global industrial energy is consumed by the Cement 
Manufacturing Industry (CMI). To improve environmental sustainability, biomass has been used as an 
alternative to fossil fuels. There is a comprehensive literature on biomass production and conversion, 
but little attention has been paid to biomass logistics in the cement industry. We propose the use of 
cement distribution trucks to collect biomass on their return journeys. Compared with the use of 
specialist biomass suppliers, the collection of biomass via cement distribution networks has greater 
uncertainties in delivery times, volume and quality. This is because biomass collection is a secondary 
activity and is subject to cement order quantities and the random geographical locations of cement 
customers. To cope with these uncertainties, additional on-site storage and handling equipment is 
required. This paper proposes a stochastic programming model to measure the cost-effectiveness of 
collecting biomass using return cement distribution trucks in comparison with purchasing biomass from 
specialised biomass suppliers. A numerical experiment based on a real-word dataset has been conducted 
to verify the effectiveness of the developed model. It is shown that the use of cement distribution 
networks is more cost effective than using specialised suppliers. 
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Abstract: It is estimated that 12-15% of total global industrial energy is consumed by the 4 
Cement Manufacturing Industry (CMI). To improve environmental sustainability, biomass 5 
has been used as an alternative to fossil fuels. There is a comprehensive literature on 6 
biomass production and conversion, but little attention has been paid to biomass logistics 7 
in the cement industry. We propose the use of cement distribution trucks to collect biomass 8 
on their return journeys. Compared with the use of specialist biomass suppliers, the 9 
collection of biomass via cement distribution networks has greater uncertainties in delivery 10 
times, volume and quality. This is because biomass collection is a secondary activity and is 11 
subject to cement order quantities and the random geographical locations of cement 12 
customers. To cope with these uncertainties, additional on-site storage and handling 13 
equipment is required. This paper proposes a stochastic programming model to measure the 14 
cost-effectiveness of collecting biomass using returning cement distribution trucks in 15 
comparison with purchasing biomass from specialised biomass suppliers. A numerical 16 
experiment based on a real-word dataset was conducted to verify the effectiveness of the 17 
developed model.  18 
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1  Introduction 1 
Cement is a key material that is required for the construction of housing and infrastructure. 2 
In 2014, global production was 3,044 million metric tonnes, which was valued at $40,198m 3 
(http://data.un.org). Cement is finely powdered and when mixed with water and aggregates 4 
provides high adhesive (cementitious) properties. It is manufactured from clay, limestone 5 
and sand. These raw materials contain alumina, iron, lime and silica, alumina and iron. The 6 
cement manufacturing process has three stages: raw material preparation, clinker 7 
production, and cement preparation [1]. The global cement manufacturing industry 8 
accounts for approximately 12-15% of total industrial energy use and is responsible for 9 
about 7% of global CO2 emissions [2]. This percentage is growing as the demand for cement 10 
is increasing much faster than reductions achieved through process improvement [3]. 11 
Approximately 40% of CO2 emissions are due to the combustion of fuel used in the 12 
manufacturing process; 50% is created when limestone is heated and decarbonised to 13 
produce lime; and electricity and transport each contribute 5% [4]. 14 
 15 
The most common fuels used in the cement industry are: coal, fuel oil, petroleum coke, 16 
natural gas, and diesel [5]. The use of biomass fuel is considered to be carbon neutral, 17 
therefore could significantly reduce the fuel-related emissions [6]. Biomass is a general 18 
term that describes “plant and animal materials such as wood from forests, crops, seaweed, 19 
material left over from agricultural and forestry processes, and organic industrial, human 20 
and animal wastes” [7, p.2262]. The high process temperature in cement kilns makes them 21 
suitable for waste combustion [2]. However, the quality of biomass varies over time and 22 
collection points in terms of its composition, density, calorific value and moisture content 23 
[8]. Furthermore, the low bulk density and relatively low calorific value of biomass fuels 24 
means that the volume required is significantly more than for fossil fuels, which leads to a 25 
much larger number of lorry movements [9]. Further, biomass is normally widely dispersed 26 
geographically, as it is normally supplied by small or medium-sized farms [10]. In 27 
consequence, the cost and complexity of logistics operations are significant bottlenecks that 28 
limit the increased use of biomass [11].  29 
 30 
Whilst there is a considerable literature relating to biomass production and conversion 31 
limited attention has been paid to logistics [12] or the transportation challenges due to the 32 
bulk of biomass fuel and its geographical dispersion [13]. The transportation of biomass 33 
leads to fuel consumption, which further leads to expense and the generation of CO2. 34 
Therefore, it is of vital importance to achieve sustainability in biomass transportation 35 
processes whilst coping with variations in biomass quality. 36 
 37 
To improve the environmental sustainability of biomass transportation in the cement 1 
manufacturing industry, we propose that biomass is collected using empty cement delivery 2 
trucks returning from cement distribution activities. However, the collection of biomass 3 
using these vehicles is a secondary activity to cement distribution. Consequently, the 4 
quantity of biomass that can be collected is dependent upon cement order quantities. The 5 
biomass delivery time is also dependent on the geographical location of cement customers 6 
and is also affected by unpredictable traffic delays. The quality of biomass is determined 7 
by its composition, density and moisture content. These factors vary across collection 8 
points, which are normally farms close to the locations of cement customers. To sum up, 9 
from the perspective of the cement manufacturer, using returning empty trucks to collect 10 
biomass will lead to uncertainties in biomass supply quantity, delivery time, and quality. 11 
To cope with these uncertainties, additional on-site storage and handling equipment will be 12 
needed. Therefore, there will be a trade-off between reduced transportation costs and 13 
increased storage and handling costs. Another option is for cement manufacturing 14 
companies to acquire biomass from specialised biomass suppliers, which can deliver 15 
biomass with stable quality on time. However, the price charged by specialised biomass 16 
suppliers is higher; but additional on-site storage and handling equipment will not be 17 
needed. Cement manufactures need to make a trade-off between the alternative sources of 18 
biomass fuel. 19 
 20 
In the study, we developed a stochastic programming model to assist the CMI make 21 
decisions on whether to collect biomass using returning empty trucks or to purchase from 22 
specialised biomass suppliers. The demand for biomass fuel is driven by the level of cement 23 
production, which responds to the demand for cement. The biomass supply quantity is also 24 
dependent on the number of returning cement distribution trucks. The proposed model 25 
considers cement demand fulfilment holistically, including production planning, inventory 26 
control, and biomass procurement. In the model, three types of uncertainties are considered: 27 
cement order quantity, delivery time and the moisture content of collected biomass.   28 
 29 
The studies on biomass logistics issues in cement industry are rather limited although 30 
biomass transportation and storage issues were highlighed by Rentizelas, et al. [14]. Supply 31 
chain network design is an important issue in biomass logistics. Govindan, et al. [15] 32 
provided a comprehensive review that considered 259 journal papers indexed by Scopus. 33 
However, our study is different from previous studies with respect to: 1) the use of returning 34 
product delivery trucks to supply biomass; 2) the development of an integrated model that 35 
considers the overall cement order fulfillment processes, including cement production, 36 
delivery and the sourcing of biomass fuel; 3) considering various uncertainties such as 37 
biomass moisture content. Our model will help managers decide whether to source biomass 1 
from specialised suppliers or from cement distributors collecting biomass through cement 2 
delivery networks.  Mutiple criteria decision making is a popular approach that has widely 3 
applied in the supplier selection literature [16-23]. However, although these studies have 4 
considered multiple critieria, e.g., cost, time, quality and greenness, they have not 5 
considered production activities, order fulfillment or the delivery of products.   6 
  7 
The remainder of this paper is organised as follows. Cement production and biomass 8 
outsourcing is discussed in Section 2; a stochastic optimisation model is developed in 9 
section 3; Section 4 outlines a real-world case study that was used to validate the model; 10 
and conclusions are presented in the final section. 11 
 12 
2 Cement industry supply chains and energy supply 13 
This section describes the cement production process, cement supply chain networks, and 14 
biomass supply.  15 
 16 
2.1 Cement production 17 
The production of Portland cement requires 1.5 tonnes of raw material per tonne of cement 18 
produced. The process releases approximately one tonne of carbon dioxide for each tonne 19 
of Portland cement produced [24]. The process of cement production is illustrated in Figure 20 
1. The process starts from crushing and grinding raw materials (limestone and 21 
aluminosilicate clay, or its natural mixture, marl) into raw meal, which may be stored prior 22 
to being burnt in a rotary kiln at 1,450 oC to produce clinker. Clinker contains aluminium, 23 
iron, silicon and iron oxides (derived mostly from the clay) and calcium oxide, which forms 24 
after carbon dioxide has been driven out of the limestone’s calcium carbonate by heat [25]. 25 
Rotary kilns are commonly used and fired using fossil fuels (Madlool, et al. [5] provided 26 
an overview of alternative types of kilns). After the clinker has cooled, it may be stocked 27 
for some time in clinker storage and then combined with gypsum (the amount of which 28 
controls how fast the cement will set) and milled into a powder with the consistency of 29 
flour, which is then stocked in cement storage awaiting dispatch to customers [25].  30 
 31 
 1 
Figure 1 material flows for the existing cement production process 2 
 3 
The cement manufacturing industry traditionally operates on a make-to-stock basis [26]. 4 
This approach is adopted because of the high set-up costs associated with heating up the 5 
equipment to operating temperature. Customer demand is fulfilled from finished good 6 
inventory [27], therefore daily customer demand does not have a direct influence on 7 
production plans. Cement may be delivered in bulk or in bags. It is a heavy load with a low 8 
value-to-weight ratio. Cement is sensitive to moisture, therefore it is necessary to keep it 9 
dry during all stages of storage and transportation. Bulk distribution requires dedicated 10 
fleets and specialised unloading equipment, whereas bags can be transported in normal 11 
lorries [26].  12 
 13 
The cement production process requires the management of clinker and cement inventories. 14 
The industry normally adopts a base-stock inventory control policy to manage these 15 
inventories [28, 29]. The base-stock inventory control policy has two control parameters: 16 
the re-order and base-stock levels. If the current inventory level is lower than the re-order 17 
level an order is placed to increase the inventory level to base-stock level. The key issue in 18 
applying this policy is the determination of the re-order and base-stock levels.  19 
 20 
Transportation is a major cost factor due to the low value-to-weight ratio. Cement is 21 
commonly transported by trucks, but barges or ships may be used if appropriate inland 22 
waterways or shipping lines are available. Christiansen, et al. [30] investigated maritime 23 
inventory routing problems for a cement producer transporting cement from producing 24 
factories to regional silo stations along the coast of Norway. More recently Triantoro and 25 
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 Distribution 
Nurcahyo [31] considered the financial feasibility of using ships to transport cement in 1 
Indonesia. In our study, although the model was developed for trucks, it can be easily 2 
extended to maritime transport by setting the capacities of ships appropriately.   3 
 4 
2.2 Biomass supply 5 
One of the most important procedures in the cement manufacturing process is combustion 6 
in a kiln, which is normally heated by fossil fuels. The CMI could further adopt the use of 7 
renewable fuel to decrease fossil fuel consumption and environmental impact [32]. Some 8 
countries such as Indonesia have a high availability of biomass [33] that can be used as an 9 
alternative to fossil fuels. However, because the energy density of biomass is much lower 10 
than fossil fuels, the sole use of biomass may be unable to achieve the minimum 11 
temperature required for cement manufacturing. Wood and other waste from agriculture 12 
and forest processes are the most commonly used form of biomass used for combustion or 13 
gasification. Replacement ratios of approximately 20% are recommended to maintain a 14 
stable combustion process and a consistent quality of clinker, although higher values have 15 
been used with satisfactory results [32]. Therefore, a cement manufacturer may set a target 16 
for the percentage of heat to be generated from biomass. 17 
 18 
Although using biomass as an alternative fuel can be more beneficial to the environment, 19 
biomass transport may create significant CO2 emissions and energy consumption. This is 20 
because biomass has a lower energy density than coal, which increases the volume of fuel 21 
that needs to be transported, which has a large impact on transportation costs and 22 
environmental impact [34].  23 
 24 
Biomass transportation arrangements are often dependent upon the selection of biomass 25 
suppliers. Normally biomass suppliers are responsible for biomass transportation, and 26 
different biomass suppliers may collect and deliver biomass from various locations.  In this 27 
study, we considered three alternative ways to supply biomass to cement manufactures: 1) 28 
by specialised biomass suppliers (SBS); 2) by cement distributors (CD); and 3) by both 29 
SBS and CD. 30 
  31 
2.2.1 Outsourcing to specialised biomass suppliers (SBS) 32 
A straightforward way for the CMI to obtain biomass is to outsource biomass supply to a 33 
specialised biomass supplier (SBS) and ask them to deliver directly to cement production 34 
sites. Normally, SBS collect biomass from a particular area with high biomass availability 35 
from a single/few sources, hence they can supply biomass with consistent characteristics. 36 
As SBS are responsible for biomass delivery, the lead time is normally stable as SBS 37 
provide their own trucks which are dedicated to biomass transportation. A just-in-time (JIT) 1 
strategy can be applied and additional biomass storage may not be necessary. However, the 2 
biomass prices offered by SBS will include delivery charges which will include the cost of 3 
empty trucks returning to the SBS.  4 
 5 
2.2.2  Outsourcing to cement distributors 6 
Cement manufactures sell cement to their customers through a cement distributor (CD). 7 
The most common purchasing contract between a cement manufacturer and a distributor is 8 
free-on-truck (FOT). According to the contract, the responsibility of the manufacturer 9 
finishes as soon as the cement is loaded onto the CD’s trucks [35]. In practice, CDs need to 10 
provide a large number of trucks for cement transportation, which will often be empty on 11 
return journeys.  12 
 13 
In agricultural countries, it is common for every region to have biomass availability. This 14 
provides the opportunity for CDs to use their empty trucks to collect biomass on the return 15 
journeys and then deliver to cement manufactures. This will introduce a new type of 16 
material flow which is shown in Figure 2 as a dashed line. The biomass price from CDs 17 
may be lower than from BSs due to transportation cost savings. However, it should be 18 
pointed out that the primary function of a CD is to provide cement to customers; and 19 
collecting biomass is a secondary function. As a result, the transportation volume and 20 
timing of biomass will be constrained by cement distribution activities. The volume and 21 
timing of biomass deliveries is subject to the number of outbound cement distribution trucks 22 
fulfilling uncertain cement demand. Further, as the locations of cement customers may be 23 
spread over wide geographic areas, which may change over time, the quality and type of 24 
collected biomass, in particular, the percentage of moisture in biomass may vary 25 
significantly. Even if all the biomass ordered from a CD was to arrive on schedule, there 26 
would be the possibility that the moisture content of the biomass supplied by the CD may 27 
vary according to the area in which it was sourced. High biomass moisture content is 28 
associated with low energy density. This may result in increased biomass consumption, 29 
which may exhaust supplies, making it necessary to use more fossil fuels. 30 
 1 
Figure 2 material flows when outsourcing biomass to cement distributors 2 
 3 
In summary, outsourcing to CD may lead to the three types of uncertainties: biomass 4 
delivery volume, time, and the moisture content. The three types of uncertainties in relation 5 
to outsourcing to a CD may result in either overstock or understock of biomass [36]. To 6 
cope with these uncertainties, additional storage of biomass needs to be built, and heavy 7 
lifting equipment is needed to handle biomass and transport it to rotary kilns. This requires 8 
investment in biomass storage space. Transportation costs are also incurred moving 9 
biomass from biomass storage to the rotary kilns. 10 
 11 
2.2.3  Hybrid outsourcing to both SBS and CD 12 
Sourcing biomass using CD’s returning trucks can lead to lower purchasing cost and 13 
reduced emissions, but this may be at the expense of additional storage and handling costs 14 
arising from the need to mitigate against uncertainties in biomass delivery times, supplier 15 
capacity and biomass quality. As outsourcing to SBS and CDs is not mutually exclusive, 16 
the best choice for a manufacturer would be to keep both outsourcing options available. 17 
This would lead to the third outsourcing strategy: hybrid outsourcing to both SBS and a 18 
CD. The advantages and disadvantages of these three outsourcing strategies are summarised 19 
in Table 1. 20 
 21 
 22 
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 24 
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Table 1  Overview of the advantages and disadvantages of biomass outsourcing strategies 1 
 Biomass sourcing to 
SBS CD Both SBS and CD 
Purchasing cost High Low Mix 
Dependency on cement demand No Yes Mix 
Delivery punctuality High Low Mix 
Moisture percentage Stable Unstable Mix 
Storage requirement No Large Small/Medium 
Biomass handling equipment No Yes Yes 
 2 
2.3 Problem description 3 
This research aimed to analyse the economic feasibility of using CD’s returning empty 4 
trucks to supply biomass. In the study, we assumed that the cement manufacturer can 5 
choose a SBS as an additional way to meet contingency requirements for biomass. Three 6 
types of uncertainties were considered for outsourcing to CD: the amount of biomass 7 
delivered, subject to uncertain cement demand; the delivery time of biomass; and the 8 
moisture content. To cope with these uncertainties, biomass storage would need to be 9 
constructed and biomass handling equipment would be necessary. Thus the use of biomass 10 
would require investment and would incur operational costs. 11 
 12 
Since SBS are specialised in providing biomass fuel, we assumed that they can deliver 13 
biomass on time and with the required moisture percentage. Also, SBS do not use the CD’s 14 
trucks to ship biomass, so the amount of biomass they can provide is independent of cement 15 
demand. It was assumed that SBS have good punctuality and stable biomass quality, which 16 
would allow a just-in-time inventory management strategy that reduces the requirement for 17 
storage.  18 
 19 
In the study, a stochastic optimisation model was developed to answer the following 20 
questions: 21 
• What is the optimum biomass volume that should be ordered from CD and SBS? 22 
• What is the capacity of biomass storage that should be built? 23 
 24 
Biomass demand is driven by cement demand through the cement production process; also 25 
the maximum amount of biomass that a cement distributor can supply is subject to cement 26 
demand. Our model therefore considered cement order fulfilment, cement production 27 
planning and inventory control for the entire cement production process. For cement 28 
production planning, a make-to-stock principle was adopted; for clinker, the main material 1 
to produce cement, a base-stock inventory control policy was considered; similarly, a base-2 
stock inventory control policy was applied for biomass inventory management. In our 3 
model, the make-to-stock principle and base-stock inventory control policy were modelled 4 
using linear equations.   5 
 6 
3 Mathematical Model 7 
 8 
3.1 Notation 9 
 10 
Sets and Index 11 
τ Planning horizon, τ ∈ { 1 , 2 , 3, … , 𝑛 }. 12 
𝒥 The set of possible biomass moisture percentages. 13 
𝒮 The set of possible biomass delivery delays. 14 
𝑠 An index for the number of days a biomass order can be delayed 15 
   𝑠 ∈ { 1 , 2 , 3, … , 𝑆 }. 16 
𝑗 An index for the percentage of biomass moisture content 𝑗 ∈ 𝒥. 17 
𝑡, 𝑙 Index for a time period. 18 
 19 
Decision variables: 20 
𝑏𝑡
𝑑𝑟 The dry biomass requirement for the Rotary Kiln at time period t. 21 
𝑑𝑠𝑙𝑗𝑡
𝑑𝑐  Biomass consumption in period t from biomass storage with the jth level of 22 
moisture percentage ordered at period l delivered s days later after placing the 23 
order.   24 
𝐷𝑡
𝑑 The actual fulfilled cement volume at time period t. 25 
𝑖𝑚𝑎𝑥 Base-stock inventory level in the base-stock inventory control policy for 26 
biomass storage. 27 
𝑖𝑚𝑖𝑛 Re-order inventory level in the base-stock inventory control policy for biomass 28 
storage. 29 
𝑖𝑡
𝑏 Stock of biomass at time period t.  30 
𝑖𝑡
𝑘  Stock of clinker at time period t. 31 
𝑖𝑡
𝑠  Stock of cement at time period t. 32 
𝑘𝑚 The capacity of biomass storage. 33 
𝑛𝑡
𝑐 The number of inbound trucks to load cement at time period t. 34 
𝑃𝑡
𝑘 Clinker production quantity at time period t. 35 
𝑃𝑡
𝑠 Cement production quantity at time period day t. 36 
𝑞𝑡
𝑘 Clinker consumption for cement production at time period t. 1 
𝑈𝑡
𝑠 Unmet cement demand at time period t. 2 
𝑣𝑡
𝑠 Biomass volume which should be ordered from a SBS at time period t. 3 
𝑥𝑡
𝑠0 A binary variable to determine whether the Cement Mill needs to be operated at 4 
time period t. 5 
𝑥𝑡
𝑠1 A binary variable to determine whether the cement production at time period t 6 
should be equal to the design capacity of Cement Mill. 7 
𝑥𝑡
𝑘0 A binary variable to determine whether Rotary Kiln requires to be operated at 8 
time period t. 9 
𝑥𝑡
𝑘1 A binary variable to determine whether the clinker production at time period t 10 
should be equal to the design capacity of Rotary Kiln. 11 
𝑦𝑡 A binary variable for decision-making relating to a potential biomass order for 12 
biomass storage replenishment at time period t. 13 
𝑑𝑑𝑐 The set of 𝑑𝑠𝑙𝑗𝑡
𝑑𝑐 , 𝑑𝑑𝑐={𝑑𝑠𝑙𝑗𝑡
𝑑𝑐 | ∀𝑠, 𝑙, 𝑗, 𝑡}. 14 
𝑈𝑠 The set of 𝑈𝑡
𝑠, 𝑈𝑠={𝑣𝑡
𝑑𝑟| ∀𝑡}. 15 
𝑣𝑑𝑟 The set of 𝑣𝑡
𝑑𝑟, 𝑣𝑑𝑟={𝑣𝑡
𝑑𝑟| ∀𝑡}. 16 
𝑣𝑠 The set of 𝑣𝑡
𝑠, 𝑣𝑑𝑟={𝑣𝑡
𝑠| ∀𝑡}. 17 
 18 
Input Data 19 
𝑐𝑏  Cement lost-sale cost per unit. 20 
𝑐ℎ  Biomass inventory holding cost per unit per time period. 21 
𝑐𝑣𝑡  Cost for operating a biomass warehouse per time period per unit of space. 22 
𝑐𝑑  Unit biomass purchasing price from CD.  23 
𝑐𝑠  Unit biomass purchasing price from SBS. 24 
𝑐ℎ  Biomass inventory holding cost per time period per unit. 25 
𝑐𝑙  Unit leasing cost of heavy equipment to transport biomass from biomass 26 
storage to the Rotary Kiln 𝐷𝑡
𝑠. 27 
𝑓𝑘  Clinker consumption ratio for cement production. 28 
𝑘𝑏  Truck capacity to transport biomass.  29 
𝑘𝑐  Truck capacity to transport cement. 30 
𝑘𝑘  Capacity of Clinker Storage. 31 
𝑘𝑘𝑝  Production capacity of Rotary Kiln. 32 
𝑘𝑠  Capacity of Cement Storage. 33 
𝑘𝑠𝑝  Production capacity of Cement Mill. 34 
𝑚𝑠  Moisture percentage of biomass supplied by SBS. 35 
M  A sufficiently big number. 1 
𝑆  The maximum number of days a biomass order may delay. 2 
𝑢𝑠𝑚𝑖𝑛         The minimum cement production amount required for the Cement Mill to be 3 
operated. 4 
𝑢𝑘𝑚𝑖𝑛         The minimum clinker production amount required for the Rotary Kiln to be 5 
operated. 6 
δ                 A fixed ratio of additional space reserved on the top of highest biomass stock 7 
level. 8 
 9 
Stochastic data 10 
𝜉  A sample process for cement demand. 11 
𝜔  A sample process for moisture contained in biomass. 12 
𝜋  A sample process for biomass delivery time delay. 13 
𝑃(𝜉)  The probability for the sample process for cement demand 𝜉 occurring. 14 
𝑃(𝜔)  The probability for the sample process for moisture contained in biomass 𝜔 15 
occurring. 16 
P(𝜋)  The probability for the sample process of biomass delivery time delay 17 
occurring. 18 
𝑚𝑠𝑗𝑙
𝑑𝑡   The moisture percentage indexed as j, for the biomass ordered at time period 19 
l, delivered s days after the order was placed. 20 
𝛾𝑠𝑙  The percentage of biomass ordered at time period l, delivered s days later after 21 
order placed. 22 
𝐷𝑡
𝑠  Cement demand on day t. 23 
 24 
3.2 Objective function  25 
Cement manufacturers will lose business if cement demand is unmet since customers may 26 
purchase cement from another source. In terms of biomass logistics, there are two types of 27 
costs incurred prior to the realization of uncertainty: biomass storage investment costs and 28 
purchasing costs from SBS and CD. There are also biomass transportation costs from 29 
storage to the rotary kiln and biomass inventory holding costs. Mathematically, 30 
 31 
min 𝑍(𝜉, 𝜔, 𝜋) =
  
 𝐸Ω𝑄(𝑈
𝑠, 𝑘𝑚, 𝑣𝑑𝑟, 𝑑𝑑𝑐 , 𝑣𝑠, 𝑖1𝑏) (1) 32 
 33 
In the study, we adopted scenario-based approximation [37] to estimate 𝐸Ω𝑄(⋅). This 34 
method requires the identification of typical scenarios and their corresponding probabilities. 35 
The scenario representation of 𝐸Ω𝑄(⋅) is: 36 
 1 
min 𝑍(𝜉, 𝜔, 𝜋) =
  
 ∑ ∑ ∑ 𝑃(𝜉) ⋅ 𝑃(𝜔) ⋅ 𝑃(𝜋) ⋅ 𝑄(𝑈
𝑠, 𝑘𝑚, 𝑣𝑑𝑟, 𝑑𝑑𝑐 , 𝑣𝑠, 𝑖𝑏)𝝅𝝎𝝃  (2) 2 
 3 
For a given realisation of 𝜉, 𝜔, 𝜋 , the explicit form of 𝑄(𝑈𝑠, 𝑘𝑚, 𝑣𝑑𝑟, 𝑑𝑑𝑐 , 𝑣𝑠, 𝑖𝑏)  was 4 
formulated as: 5 
𝑄(𝑈𝑠, 𝑘𝑚, 𝑣𝑑𝑟, 𝑑𝑑𝑐 , 𝑣𝑠, 𝑖1𝑏) = 𝑐𝑏 ∙ ∑ 𝑈𝑡
𝑠𝑛
𝑡=1  + 𝑘
𝑚 ⋅ ∑ 𝑐𝑣𝑡𝑛𝑡=1 + 𝑐
𝑑 ∙ ∑ 𝑣𝑡
𝑑𝑟𝑛
𝑡=1  6 
+𝑐𝑙 ⋅ ∑ ∑ ∑ ∑ 𝑑𝑠𝑙𝑗𝑡
dc
𝑡𝑗𝑙𝑠 + 𝑐
𝑠 ∙ ∑ 𝑣𝑡
𝑠𝑛
𝑡=1   + 𝑐
ℎ ∙ ∑ 𝑖𝑡
𝑏𝑛
𝑡=1    (3) 7 
 8 
3.3 Constraints 9 
This section considers the constraints associated with cement, clinker and biomass. 10 
 11 
3.3.1 Constraints relating to cement 12 
The following constraints are associated with cement order fulfilment, delivery, production 13 
control and finished goods inventory:  14 
 15 
Cement order fulfilment 16 
A customer order for cement 𝐷𝑡
𝑠 , which was considered to be uncertain information in the 17 
study, may be fulfilled. Thus it will be equal to the sum of unmet demands 𝑈𝑡
𝑠 and actual 18 
shipment volume 𝐷𝑡
𝑑, i.e.,  19 
 20 
𝐷𝑡
𝑠 = 𝑈𝑡
𝑠 + 𝐷𝑡
𝑑     (∀𝑡 ∈ 𝜏)                  (4) 21 
 22 
Cement delivery 23 
To ship cement with a total amount 𝐷𝑡
𝑑, the number of trucks 𝑛𝑡
𝑐, should meet the following 24 
constraint: 25 
 26 
𝐷𝑡
𝑑 ≤ 𝑛𝑡
𝑐 ∙ 𝑘𝑐 ≤ 𝐷𝑡
𝑑 + 𝑘𝑐 (∀𝑡 ∈ 𝜏).                  (5) 27 
 28 
In equation 5, 𝐷𝑡
𝑑 is continuous decision variable, and 𝑘𝑐 is an integer variable. Equation 5 29 
ensures that the number of trucks is an integer, and can transport cement with a volume of  30 
𝐷𝑡
𝑑 entirely. 31 
 32 
Cement production control 33 
Following the make-to-stock production management principle, a manufacturer always 34 
attempts to produce cement up to the capacity of cement storage 𝑘𝑠 . However, the 35 
production quantity is constrained by cement mill production capacity 𝑘𝑠𝑝 as well as the 36 
minimum production quantity of cement mill 𝑢𝑠𝑚𝑖𝑛. The make-to-stock principle can be 1 
denoted as: 2 
𝑃𝑡
𝑠 = {
𝑘𝑠𝑝                   𝑖𝑓                  𝑘𝑠𝑝 ≤  𝑘𝑠 − 𝑖𝑡−1
𝑠             
𝑘𝑠 − 𝑖𝑡−1
𝑠          𝑖𝑓             𝑢𝑠𝑚𝑖𝑛  ≤  𝑘𝑠 − 𝑖𝑡−1
𝑠 ≤ 𝑘𝑠𝑝
0                      𝑖𝑓                    𝑘𝑠 − 𝑖𝑡−1
𝑠 ≤ 𝑢𝑠𝑚𝑖𝑛     
  (6) 3 
 4 
The formula is non-linear. However, it can be linearised by following the procedure below. 5 
Firstly, two auxiliary binary number need to be introduced to represent the ranges of 𝑘𝑠 −6 
𝑖𝑡
0𝑠: 7 
 8 
𝑥𝑡
𝑠0 = {
1   ,   𝑖𝑓 𝑘𝑠 − 𝑖𝑡−1
𝑠 ≥ 𝑢𝑠𝑚𝑖𝑛
0   ,   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                        
  (7) 9 
𝑥𝑡
𝑠1 = {
1 ,    𝑖𝑓 𝑘𝑠 − 𝑖𝑡−1
𝑠 ≥ 𝑘𝑠𝑝
0   ,   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                        
  (8) 10 
 11 
The non-linear definitions of  𝑥𝑡
𝑠0,  𝑥𝑡
𝑠1 can be linearised as: 12 
 13 
−(1 − 𝑥𝑡
𝑠0) ∙ 𝑀 ≤ 𝑘𝑠 − 𝑖𝑡−1
𝑠 − 𝑢𝑠𝑚𝑖𝑛 ≤ 𝑥𝑡
𝑠0 ∙ 𝑀  (∀𝑡 ∈ 𝜏)  (9) 14 
−(1 − 𝑥𝑡
𝑠1) ∙ 𝑀 ≤ 𝑘𝑠 − 𝑖𝑡−1
𝑠 − 𝑘𝑠𝑝 ≤ 𝑥𝑡
𝑠1 ∙ 𝑀  (∀𝑡 ∈ 𝜏) (10) 15 
 16 
Based on 𝑥𝑡
𝑠0 and  𝑥𝑡
𝑠1, 𝑃𝑡
𝑠 can be re-defined using the following linear equations: 17 
 18 
0 ≤ 𝑃𝑡
𝑠 ≤ 𝑥𝑡
𝑠0 ∙ 𝑀  (∀𝑡 ∈ 𝜏)  (11) 19 
𝑘𝑠 − 𝑖𝑡−1
𝑠 − (1 − 𝑥𝑡
𝑠0) ∙ 𝑀 ≤ 𝑃𝑡
𝑠 ≤ 𝑘𝑠 − 𝑖𝑡−1
𝑠 + 𝑥𝑡
𝑠1 ⋅ 𝑀 (∀𝑡 ∈ 𝜏)  (12) 20 
𝑘𝑠𝑝 − (1 − 𝑥𝑡
𝑠1) ⋅ 𝑀 ≤ 𝑃𝑡
𝑠 ≤ 𝑘𝑠𝑝 + (1 − 𝑥𝑡
𝑠1) ⋅ 𝑀  (∀𝑡 ∈ 𝜏)   (13) 21 
 22 
Cement finished goods inventory level update 23 
A cement company needs to meet customer demand 𝐷𝑡
𝑠 from their existing cement stock at 24 
the beginning of period t, which is the remaining inventory at the end of the previous period, 25 
𝑖𝑡−1
𝑠 .  The inventory at the end of period t, 𝑖𝑡
𝑠 , is equal to cement inventory at the beginning 26 
of period t , 𝑖𝑡−1
𝑠 , plus the amount of newly produced cement at period t, 𝑃𝑡
𝑠, minus the 27 
amount of cement delivered to customers, 𝐷𝑡
𝑑: 28 
 29 
𝑖𝑡
𝑠 = 𝑖𝑡−1
𝑠 + 𝑃𝑡
𝑠 − 𝐷𝑡
𝑑   (∀𝑡 ∈ 𝜏)  (14) 30 
 31 
3.3.2 Constraints relating to clinker 32 
 33 
The following constraints are associated with the demand for clinker, production control 1 
and clinker inventory: 2 
 3 
Clinker Demand 4 
As the major material for manufacturing cement, the inventory and production management 5 
for clinker has to be considered. The demand for clinker is proportional to the cement 6 
production quantity 𝑃𝑡
𝑠: 7 
 8 
𝑞𝑡
𝑘 = 𝑓𝑘 ∙ 𝑃𝑡
𝑠  (∀𝑡 ∈ 𝜏)  (15) 9 
 10 
Clinker production control 11 
The production quantity 𝑃𝑡
𝑘 is constrained by the clinker inventory control policy, clinker 12 
production capacity 𝑘𝑘𝑝, and the capacity of clinker storage 𝑘𝑘. In practice, manufacturers 13 
adopt a make-to-stock principle; therefore, 𝑃𝑡
𝑘  is generally set as high as possible to 14 
minimise production costs. It should be pointed out that, to spread out the high setting up 15 
costs for clinker production, a minimum of production quantity  𝑢𝑘𝑚𝑖𝑛  is applied. The 16 
make-to-stock principle used in the CMI determines the clinker production quantity as 17 
follows: 18 
 19 
𝑃𝑡
𝑘 = {
𝑘𝑘𝑝                     𝑖𝑓                  𝑘𝑘𝑝 ≤  𝑘𝑘 − 𝑖𝑡−1
𝑘             
𝑘𝑘 − 𝑖𝑡−1
𝑘        𝑖𝑓              𝑢𝑘𝑚𝑖𝑛 ≤  𝑘𝑘 − 𝑖𝑡−1
𝑘 ≤ 𝑘𝑘𝑝
0                   𝑖𝑓                    𝑘𝑘 − 𝑖𝑡−1
𝑘 ≤ 𝑢𝑘𝑚𝑖𝑛         
 (16) 20 
 21 
To linearise the above make-to-stock principle, two auxiliary binary variables 𝑥𝑡
𝑘0 and 𝑥𝑡
𝑘1 22 
were introduced:  23 
𝑥𝑡
𝑘0 = {
1               𝑖𝑓  𝑘𝑘 − 𝑖𝑡−1
𝑠 ≥ 𝑢𝑘𝑚𝑖𝑛
0               𝑖𝑓 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (17) 24 
𝑥𝑡
𝑘1 = {
1               𝑖𝑓  𝑘𝑘 − 𝑖𝑡−1
𝑠 ≥ 𝑘𝑘𝑝
0       𝑖𝑓 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (18) 25 
The two non-linear definitions were represented by the following equations: 26 
 27 
−(1 − 𝑥𝑡
𝑘0) ∙ 𝑀 ≤ 𝑘𝑘 − 𝑖𝑡−1
𝑘 − 𝑢𝑘𝑚𝑖𝑛 ≤ 𝑥𝑡
𝑘0 ∙ 𝑀 (∀𝑡 ∈ 𝜏)   (19) 28 
−(1 − 𝑥𝑡
𝑘1) ∙ 𝑀 ≤ 𝑘𝑘 − 𝑖𝑡−1
𝑘 − 𝑘𝑘𝑝 ≤ 𝑥𝑡
𝑘1 ∙ 𝑀  (∀𝑡 ∈ 𝜏)   (20) 29 
 30 
Further, the aforementioned make-to-stock principle for clinker production quantity 𝑃𝑡
𝑘 31 
was linearised as follows: 32 
 33 
0 ≤ 𝑃𝑡
𝑘 ≤ 𝑥𝑡
𝑘0 ∙ 𝑀  (∀𝑡 ∈ 𝜏)   (21) 1 
𝑘𝑘 − 𝑖𝑡−1
𝑘 − (1 − 𝑥𝑡
𝑘0) ∙ 𝑀 ≤ 𝑃𝑡
𝑘 ≤ 𝑘𝑘 − 𝑖𝑡−1
𝑘 + 𝑥𝑡
𝑘1 ⋅ 𝑀 (∀𝑡 ∈ 𝜏)   (22) 2 
𝑘𝑘𝑝 − (1 − 𝑥𝑡
𝑘1) ∙ 𝑀 ≤ 𝑃𝑡
𝑘 ≤ 𝑘𝑘𝑝 + 𝑥𝑡
𝑘1 ⋅ 𝑀 (∀𝑡 ∈ 𝜏)   (23) 3 
 4 
Clinker inventory update 5 
The clinker inventory level at the end of period t, 𝑖𝑡
𝑘 , is subject to the remaining inventory 6 
level at the beginning of time period 𝑖𝑡−1
𝑘 , clinker demand at current time period 𝑞𝑡
𝑘  and 7 
clinker production quantity 𝑃𝑡
𝑘  at period t:  8 
 9 
𝑖𝑡
𝑘 = 𝑖𝑡−1
𝑘 + 𝑃𝑡
𝑘 − 𝑞𝑡
𝑘  (∀𝑡 ∈ 𝜏)   (24) 10 
 11 
The following constraints are associated with dry biomass demand fulfilment, availability, 12 
storage, inventory control and delivery capacity: 13 
 14 
3.3.3 Constraints relating to biomass 15 
 16 
Dry biomass demand  fulfilment 17 
It was assumed that the dry biomass required is 𝑏𝑡
𝑑𝑟 ⋅ 𝑃𝑡
𝑘, where 𝑏𝑡
𝑑𝑟 represents the tons of 18 
dry biomass required to produce a unit of cement, and the dry biomass may come from 19 
either SBS or CD. Thus, 20 
 21 
𝑣(𝑡−1)
𝑠 ∙ (1 − 𝑚𝑠) + ∑ ∑ ∑ 𝑑𝑠𝑙𝑗𝑡
dc
𝑗
min(𝑡−𝑙,𝑆)
𝑠=1
𝑙=𝑡
𝑙=1  = 𝑏𝑡
𝑑𝑟 ⋅ 𝑃𝑡
𝑘  (∀𝑡 ∈ 𝜏)   (25) 22 
 23 
The first item in the LHS of equation (25) is the dry biomass from SBS; and the second 24 
item is supply from CD. The source for acquiring dry biomass from biomass storage is 25 
complicated as stock includes material from various orders with different delivery delays 26 
and different percentages of moisture. Biomass may be consumed from any historical 27 
biomass order. To model the complex situation, we introduced 𝑑𝑠𝑗𝑙𝑡
dc  to denote the amount 28 
of dry biomass consumption at period at t from an order placed to DC at time period l with 29 
realised delay s and the jth level of realised moisture percentage. The dry biomass required 30 
at period t may be from any early biomass orders arriving before period t, hence the dry 31 
biomass from CD was formulated as: 32 
 33 
 ∑ ∑ ∑ 𝑑𝑠𝑙𝑗𝑡
dc
𝑗
min(𝑡−𝑙,𝑆)
𝑠=1
𝑙=𝑡
𝑙=1 .    (26) 34 
 35 
Biomass availability 1 
The usage of dry biomass 𝑑𝑠𝑙𝑗𝑡
dc  up to current time period t should be no more than the dry 2 
biomass contained in the biomass ordered at time l , 𝑣𝑙
𝑑𝑟, with realised delay s and moisture 3 
percentage 𝑚𝑠𝑗𝑙
𝑑 : 4 
 5 
∑ 𝑑𝑠𝑙𝑗𝑡
dc
𝑡 ≤ 𝑣𝑙
𝑑𝑟 ⋅ 𝛾𝑠𝑙 ⋅ (1 − 𝑚𝑠𝑗𝑙
𝑑 )  (∀𝑙 ∈ 𝜏)(∀𝑗 ∈ 𝒥)(𝑠 ∈ 𝒮)    (27) 6 
 7 
Biomass storage update 8 
After meeting the demand for biomass, the remaining raw biomass in stock at period t , 𝑖𝑡
𝑏, 9 
will be: 10 
𝑖𝑡
𝑏 = ∑ (𝑣𝑙
𝑑𝑟 − ∑ ∑
𝑑𝑠𝑙𝑗𝑡
dc
1−𝑚𝑠𝑗𝑙
𝑑𝑗
min (𝑆,𝑡−𝑙)
𝑠=1 )
𝑡
𝑙=1   (∀𝑡 ∈ 𝜏)   (28) 11 
 12 
Biomass inventory control 13 
As discussed in section 2.2.2, biomass has to be stocked when CD is selected to supply 14 
biomass. The order that needs to be placed to CD at period t + 1 will follow a base-stock 15 
inventory control policy, i.e. 16 
 17 
𝑣𝑡+1
𝑑𝑟 = {
𝑖𝑚𝑎𝑥 − 𝑖𝑡
𝑏          𝑖𝑓 𝑖𝑡
𝑏 ≤ 𝑖min
0         𝑖𝑓 𝑖𝑡
𝑏 ≥ 𝑖min
 (29) 18 
 19 
The base-stock inventory control policy can be linearised as:  20 
 21 
−𝑦𝑡 ∙ 𝑀 ≤ 𝑖𝑡
𝑏 − 𝑖𝑚𝑖𝑛 ≤ (1 − 𝑦𝑡) ∙ 𝑀 (∀𝑡 ∈ 𝜏)   (30) 22 
0 ≤ 𝑣𝑡
𝑑𝑟 ≤ 𝑦𝑡 ∙ 𝑀  (∀𝑡 ∈ 𝜏)   (31) 23 
(𝑖𝑚𝑎𝑥 − 𝑖𝑡
𝑏) − (1 − 𝑦𝑡) ∙ 𝑀 ≤ 𝑣𝑡
𝑑𝑟 ≤ 𝑖𝑚𝑎𝑥 − 𝑖𝑡
𝑏  (∀𝑡 ∈ 𝜏)   (32) 24 
𝑖𝑚𝑖𝑛 ≤ 𝑖𝑚𝑎𝑥 (∀𝑡 ∈ 𝜏)   (33) 25 
 26 
In the above equations, 𝑦𝑡  is an auxiliary binary variable representing whether biomass 27 
needs to be ordered or not, i.e. 28 
 29 
𝑦𝑡 = {
   0,      𝑖𝑓 𝑖𝑡
𝑏 ≥ 𝑖𝑚𝑖𝑛
1,      𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒   
  (34) 30 
 31 
Biomass delivery capacity 32 
Since cement distributors use return empty trucks to ship biomass back, the quantity of 1 
biomass that will be provided by CD is subject to the number of these trucks.  Hence, 2 
 3 
𝑣𝑡
𝑑𝑟 ≤ 𝑛𝑡
𝑐 ∙ 𝑘𝑏 (∀𝑡 ∈ 𝜏)   (35) 4 
 5 
Biomass storage capacity 6 
The physical biomass warehouse should have a capacity at least equal to 𝑖𝑚𝑎𝑥. Ideally, 7 
some extra space in the warehouse may be reserved for contingency purposes or possible 8 
business expansion. This research assumes that the additional space reserved is a fixed 9 
percentage of 𝑖𝑚𝑎𝑥, δ , therefore: 10 
  11 
𝑘𝑚 = (1 + 𝛿) ∙ 𝑖𝑚𝑎𝑥 (∀𝑡 ∈ 𝜏)   (36) 12 
 13 
Further, the model also has the following constraints: 14 
 15 
𝑛𝑡
𝑐  ∈ 𝑖𝑛𝑡𝑒𝑔𝑒𝑟 (∀𝑡 ∈ 𝜏)   (37) 16 
𝑥𝑡
𝑠0, 𝑥𝑡
𝑠1, 𝑥𝑡
𝑘0, 𝑥𝑡
𝑘1, 𝑦𝑡  ∈ {0 , 1}  (∀𝑡 ∈ 𝜏)   (38) 17 
 18 
All the variables are non-negative 19 
  20 
4 Case studies 21 
The above stochastic optimisation model was applied to a cement manufacturing company 22 
in Indonesia and a hypothetical case in the UK that represents a context with restricted 23 
biomass availability. IBM ILOG CPLEX 12.6 was used to solve the model. 24 
 25 
4.1 An Indonesian Case 26 
4.1.1 Data 27 
The Indonesian cement manufacturer provided the data required for the model and also 28 
helped to identify the typical scenarios and their corresponding probabilities. We used the 29 
proposed model to make decision on cement production, clinker production, and biomass 30 
logistics every day for a planning horizon of 30 days. A summary of the input data used in 31 
our model is given below in Table 2 - Table 6 and Figure 3. 32 
 33 
 34 
 35 
Table 2 Cement Production Data 1 
Cement Production capacity 50000 tons/day 
Cement Storage capacity 200000 tons 
Cement Selling Price 500000 Rp/ton 
Initial(Existing) stock of cement  100000 tons 
Truck Capacity for Cement Delivery 30 tons 
 2 
The historical cement demands data used in the model is shown in Figure 3. 3 
 4 
Figure 3 Historical Cement Demand 5 
Table 3 Clinker Production Planning Data 6 
Clinker Production Capacity 50000 tons/day 
Clinker Storage capacity 200000 tons 
Initial(Existing) Stock of Clinker 100000 tons 
The Ratio of Clinker Consumed to Cement Produced  90% 
 7 
Table 4 Biomass Logistics Data 8 
Biomass purchasing price from SBS 217786 Rp/ton 
Biomass purchasing price from CD 158962 Rp/ton 
Truck Leasing Cost 1000000 Rp/day 
Truck Capacity for Transporting biomass 17 tons 
Distance from biomass area to CMI 140 km 
Biomass storage capacity 1200 tons 
 9 
The majority of biomass ordered from CD would arrive at the cement manufacturer on the 10 
same day that the order was placed. However, due to some unpredictable factors such as 11 
traffic congestion, it may also arrive on the next day or even the next two days, with the 12 
fraction of ordered amount arriving each day shown in Table 5. The cement manufacture 13 
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has highlighted three typical scenarios with probabilities of 40%, 35%, and 25%, 1 
respectively; 2 
 3 
Table 5 Cement Delivery Delay Scenarios 4 
Scenario 
𝜋 
𝜸𝒔𝒕 Probability 
(𝑝𝜋) Day 0 Day 1 Day 2 
1 100% 0%  0%  40% 
2 90% 10%  0% 35% 
3 85% 10% 5% 25% 
 5 
In the study, the moisture in the biomass supplied by SBS was stable, and thus considered 6 
as a constant 𝑚𝑠 = 19% . However, as CDs are unspecialised biomass suppliers, the 7 
moisture contained in biomass supplied by CDs may be unstable. It may be higher or lower 8 
than the percentage of moisture from SBS biomass,  𝑚𝑠, with a certain probability as shown 9 
in Table 6. With the help of the cement manufacturer, the following three typical scenarios 10 
for CD’s biomass moisture percentage are identified. 11 
  12 
Table 6 Scenarios for Biomass Moisture Percentage  13 
Scenario 
𝜔 
𝑚𝑠𝑗𝑙
𝑑𝑡  
Probability 
 (𝑝𝜔) 
1 90% × 19% = 17.1%  40% 
2 100% × 19% = 19.0% 35% 
3 110% × 19% = 20.9% 25% 
 14 
4.1.2 Results and Discussion 15 
 16 
After applying the above data into the model presented in Section 3, the optimal cement 17 
production plan, clinker production plan, biomass logistics plan and the minimised total 18 
costs was obtained.  19 
 20 
• Cement Production Plan 21 
Figure 4 shows the cement production plan and cement demands. From the cement 22 
production plan, it was clear that a make-to-stock production policy was followed. For most 23 
days, the optimal cement production plan aimed to operate at full manufacturing capacity - 24 
50000 tons. For a few days, the production quantity was lower than this, which may have 25 
been due to the storage capacity constraint.  26 
 1 
Figure 4 the Optimal Cement Production Plan 2 
• Clinker production plan 3 
As clinker production also followed a made-to-stock principle, the optimal clinker 4 
production amount should be the same as the clinker production capacity when there is 5 
sufficient storage capacity; otherwise, the optimal clinker production amount should be the 6 
available capacity left in the clinker storage space. It can be observed from the optimal 7 
clinker production plan(Figure 5) that, for most of the days within the 30-days planning 8 
horizon, the optimal clinker production amount was equal to the maximum storage capacity, 9 
50000 tons; whereas, for a few days, it was lower than the storage capacity or even 0, due 10 
to the storage capacity constraint.  11 
 12 
 13 
Figure 5 The Optimal Clinker Production Plan 14 
• Biomass order 15 
It was found in our experiment (as shown in Figure 6) that all the biomass was ordered from 16 
the CD, with nothing ordered from the SBS. This indicates that ordering biomass from CD 17 
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had economic advantage over ordering biomass from SBS; and that the CD’s biomass 1 
supply capacity was sufficient to meet the company requirements.  2 
 3 
Figure 6 Biomass order allocation 4 
 5 
• Truck utilisation 6 
Figure 7 shows truck utilisation in the case. The solid line represents the number of inbound 7 
empty trucks that can be used for collecting biomass; and  the bars represent the actual 8 
number of trucks used for biomass collection. From the figure, it can be seen that the 9 
number of CD trucks available to supply biomass was higher than the number of trucks 10 
required to transport biomass. The results shown in Figure 7  are consistent with  Figure 6 11 
because, to observe the fact that that all demand was satisfied by CDs, there must be 12 
sufficient CD trucks. 13 
14 
Figure 7 Truck Utilisation for Biomass Replenishment 15 
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• Biomass inventory management 1 
The incurred inventory cost was minimised by determining the optimal re-order level(𝑖𝑚𝑖𝑛 2 
) and base-stock  inventory level (𝑖𝑚𝑎𝑥) [28].These two parameters in the base-stock control 3 
policy determined how much biomass volume was ordered and kept in biomass storage. 4 
The base-stock inventory level was further used to determine the physical biomass storage 5 
capacity. The optimal physical storage capacity, the optimal re-order level (𝑖𝑚𝑖𝑛 ) and base-6 
stock inventory level obtained from the output of the model is shown in Table 7. 7 
 8 
Table 7 Biomass storage inventory recommendation 9 
Biomass Storage Recommendation 
The optimal biomass storage capacity (𝑘𝑚) in tons 1879 
the optimal base-stock  inventory level (𝑖𝑚𝑎𝑥) in tons 1566 
the optimal re-order level (𝑖𝑚𝑖𝑛) in tons 1461 
 10 
• Biomass outsourcing strategy 11 
The model also gave the minimised costs including biomass purchasing cost, biomass 12 
storage investment, biomass transportation and inventory holding cost as shown in the 13 
second column in Table 8. To make a comparison, the costs for sole outsourcing to SBS is 14 
also calculated, which is given in the first column in Table 8. The comparison results 15 
indicate that, although building biomass storage would result in high biomass inventory 16 
cost and also high transportation costs for moving biomass from biomass storage to the 17 
consumption point, the sum of those cost together with biomass purchasing cost is still 18 
lower than the cost for sole outsourcing to SBS (c.f. Table 8).  19 
 20 
Table 8 Cost Comparison 21 
Strategy 
Sole outsourcing to SBS 
(Indonesian rupiah) 
Outsourcing to both SBS and CD 
(Indonesian rupiah) 
Purchasing cost 3,135,228,428 2,767,218,688 
Investment cost 0 5,637,600 
Holding cost 0 1,595,059 
Transportation cost 0 1,777,860 
TOTAL COST 3,135,228,428 2,776,229,207 
 22 
When cement manufactures consider switching their fuel to biomass, they normally 23 
consider purchasing from a SBS. However, the results from the above table reveal that 24 
outsourcing to CD has an economic advantage over specialised SBS. This is because CD is 25 
in a good position to cut down biomass transportation costs as they use their return trucks 1 
ship biomass back to the cement manufacturer. It is also worth mentioning that carbon 2 
emissions can also be reduced if CD is selected for supply biomass. 3 
 4 
4.2 UK case 5 
Figure 6 shows that, for the cement manufacturer in Indonesia, the optimal sourcing plan 6 
was not to outsource to the SBS since the cost for outsourcing to CD was lower. However, 7 
the situation may only happen in the tropical countries like Indonesia where there is high 8 
availability of biomass due to the rainforest climate. To demonstrate how geographical 9 
location of cement manufacturer will affect biomass outsourcing decisions, a hypothetical 10 
case in the UK is therefore considered. To make the two cases comparable, we assumed a 11 
UK cement manufacture with the same parameters as the Indonesian manufacturer has, e.g., 12 
cement demand, cement production capacity, clinker production capacity, etc., but there 13 
would be less available biomass in the UK. It was assumed that each return truck cannot 14 
collect a full load of biomass due to its low availability, and it was assumed that only 5 tons 15 
biomass on average could be loaded (compared to 17 tons in the Indonesian case). This 16 
change led to the biomass purchasing plan shown in Figure 8. Due to difficulties in 17 
collecting sufficient biomass from returning distribution lorries it would be necessary to 18 
obtain supplies from SBS. 19 
 20 
Figure 8 Biomass Order Allocation 21 
 22 
CONCLUSION 23 
The anthropogenic emissions of greenhouse gases are higher than ever and there is clear 24 
evidence that this is leading to global climate change [38]. Cement is the second most 25 
consumed substance in the world after water and it is an essential material for national 26 
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infrastructure and housing [26]. The global cement manufacturing industry accounts for 1 
approximately 12-15% of total industrial energy use and is responsible for about 7% of 2 
global CO2 emissions [2]. 3 
 4 
In this study a biomass logistics planning model for the cement industry has been developed 5 
that can reduce emissions by using returning cement delivery trucks to collect biomass fuel. 6 
However, this strategy leads to increased variability in the timing and quality of biomass 7 
delivered compared to specialist biomass suppliers.  The model considers the production 8 
and inventory control of cement, clinker, and the purchasing of biomass. Three stochastic 9 
variables were considered: cement demand, delays in biomass delivery and biomass 10 
moisture content. A manufacturer in Indonesia was chosen as the case company in order to 11 
validate the model. The numerical results obtained in the case study reveals that using 12 
returning cement delivery trucks has economic advantage over using specialist biomass 13 
suppliers using their own trucks. 14 
 15 
The developed model can determine how much biomass should be ordered from a specialist 16 
biomass supplier and from returning cement distributors’ trucks. It also addresses inventory 17 
control, for biomass, cement, and clinker. The model will be helpful for cement 18 
manufacturing companies that wish to switch their fuel to biomass with cement 19 
transportation trucks being utilised on return journeys. This model can also help the cement 20 
manufacturing industry to plan the capacity of their biomass storage, and consequently, 21 
their investment in the biomass storage. There might be also the opportunity to apply the 22 
model to another type of industry which also consume alternative fuel for combustion.  23 
 24 
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